Laboratory mice (Mus musculus) have become the major model species for inner ear research. The major uses of mice include gene discovery, characterization, and confirmation. Every application of mice is founded on assumptions about what mice represent and how the information gained may be generalized. A host of successes support the continued use of mice to understand hearing and balance. Depending on the research question, however, some mouse models and research designs will be more appropriate than others. Here, we recount some of the history and successes of the use of mice in hearing and vestibular studies and offer guidelines to those considering how to apply mouse models.
INTRODUCTION
Thirty years ago, most of what was known about hearing and balance in mammals was inferred from studies of cats, rats, and guinea pigs (Fig. 1) . By about 2008, the scope of research by using the laboratory mouse (or house mouse, Mus musculus) surpassed all other models and by 2015 exceeded all other models combined. Mice have come a long way from a niche-and even derided-model to predominance. Their rise is founded on the innovation that is the inbred strain and the near elimination of uncontrolled genetic variance. Phenotypic differences among inbred strains of mice first were studied primarily as a way of establishing the genetic foundations of hearing and balance. But, developments of the 1990s in manipulation of DNA exhibited a steep trajectory, carrying mice along as the mammalian inner ear model. The molecular wave has since made every mechanistic question an inherently Bgeneticq uestion and swept mice into a majority of laboratories. Nevertheless, mice occupy an ecological niche different from ours and have been shaped by evolutionary pressures unlike our own. They eat a different type of diet and have a different life span and metabolic rate. Any inbred mouse strain is like one highly consanguineous population-or one person-for comparative purposes. Consequently, any commercial mouse model we may apply represents discarding of genetic diversity. To be sure, mice have been a singularly successful model in our understanding of hearing and balance and will continue to play a vital role. However, all applications of mice are based on assumptions that we may be unaware of or take for granted. The goal of this review is not to generate an exhaustive list of potentially useful mouse models. Rather, we state some assumptions relevant to particular research contexts and offer guidelines for effective use of mice. In the interest of brevity, there appear statements about what Bmice^do or do not do, while one of our major points is that this depends dramatically on genetic background. In the application of mice to inner ear disease, the question is not whether mice effectively model human pathology, but rather which mice may model the pathology of which humans?
BRIEF HISTORY OF MICE IN BIOMEDICAL RESEARCH
Mice were well situated to exploit human agriculture from its first appearance in central Asia about 10,000 years ago (Silver 1995) . As soon as humans began to cultivate and store grain, mice recognized an easily raided, endless food supply. The word Bmus^is Sanskrit for Bthief,^reflecting early human opinions of mice. Indeed, domestic cats owe their present cushy status to their initial role as mousers. The development of Bfancy mice^as pets in Asia and Japan in the 1800s broadened our relationship with mice and gave rise to selective breeding practices. Fancy mice were bred for unusual coat colors and patterns. These sometimes coincided with abnormal hearing and balance that imparted characteristic behaviors (Yerkes 1904) . Like dog breeds, fancy mice bearing particular coat patterns were only partially inbred and represented random mixes of the four major recognized wild subspecies of M. musculus distributed across Asia and Europe (musculus, domesticus, castaneus, and bactrianus) (see Figs. 2.2 and 2.3 in Silver 1995) . Breeding mice as a hobby spread from Asia to Europe and the USA. A pivotal step in the promotion of mice from pet shop to research tool in the USA occurred around 1900 when Abbie Lathrop, a mouse hobbyist and amateur scientist, set up a shop near the Bussey Institute, which was run by Harvard geneticist William Castle. Castle's initial research stocks, and many later inbred strains, were derived from mice bred by Lathrop. It was through Castle's influence, along with student Clarence Little, that the need for genetically homogeneous inbred strains was first recognized and put into practice. Little established the first inbred strain (DBA) starting in 1909 and co-founded The Jackson Laboratory (JAX) in 1929.
Application to Genetics
The rediscovery of Mendel's work, also around 1900, underscored the inheritance of discrete phenotypes according to surprisingly simple principles. The genius of Mendel's experiments was that he used highly inbred true-breeding lines of pea plants, which minimized confounds posed by uncontrolled genetic heterogeneity. However, critics seized upon the seemingly more Bblended^inheritance of traits in animals as proof that the underlying principles were different. The unrecognized problem, of course, was that these traits were typically polygenic and polyallelic (determined by multiple versions of the gene). What was needed was the animal equivalent of Mendel's truebreeding peas. Mice, in which inbreeding had been taken to a level unmatched in any other mammal, were ideal for that purpose. Commercial research models such as guinea pigs, chinchillas, and gerbils are outbred, deliberately bred so that any two animals will differ genetically. By virtue of at least 20 generations of brother-sister mating, any two mice of the same inbred strain will be 999 % genetically identical and homozygous at essentially all autosomal loci. The first clear extension of Mendel's principles to mammals (circa 1905) was based on the inheritance of distinct coat colors and patterns in inbred mice (Silver 1995) . Now, more than 20 Nobel prizes have been awarded for medical discoveries that could not have been made without inbred mouse strains, including the genetics of graft rejection, immune tolerance, and acquired immunity (Festing 2010) .
Application to Hearing and Vestibular Function
Due to the random fixation of recessive alleles, some fancy mice and inbred strains derived from them exhibited behavioral signs of balance disorders (circling, head tilting and tossing), and some of these were associated with hearing deficits. Before evoked response methods became common in the 1960s, hearing assessment was restricted to startle responses. The genetics of hearing loss gained momentum from post-World War II interest in the effects of ionizing radiation on genetic abnormalities. Inbred mice were frequently used models for radiation experiments, which yielded a host of useful phenotypes. Since identification of the underlying genes would have to await technological advances, the initial task was simply to determine by complementation how many separate genes were likely involved. Among the first to distinguish models and to characterize their anatomic and physiologic defects were M.S. Deol and H. Grüneberg (see references in Steel et al. 1983; Steel 1995; Johnson et al. 2001) . Nevertheless, mouse work remained a small niche in hearing research. Prior to 1994, mice were the objects of just a handful of research papers in hearing per year, while basic physiological principles of hearing were derived by using larger and more easily manipulated animal models. The 1970s featured rapid growth of work in audiogenic seizures in mice (e.g., Saunders et al. 1972; Chen et al. 1973; Saunders 1974; Chen et al. 1976; Chen 1978) , although this work has gone surprisingly undeveloped. By the early 1980s, other complex traits like age-associated hearing loss or noise vulnerability emerged as a theme of mouse research in work by Ehret, Henry, Willott, and others (Ehret 1974; Henry 1982a; Shnerson and Pujol 1982; Henry 1983a; Henry 1984; Hunter and Willott 1987) . The primary assertion from such studies was that mouse model differences could be inferred to be genetic, although the identity of the underlying genes was still decades away. Differences between C57BL/6 (B6) and CBA-related strains were first noted and put to work very effectively. For example, because B6 mice show early progressive cochlear degeneration, while CBAs do not, one could study the effects of peripheral hearing loss on central auditory anatomy and function even without knowing the specific genes involved (Willott 1986; Hunter and Willott 1987; Willott and Bross 1990) . Tools for hearing assessment in mice were refined during this time, principally by K.R. Henry (Henry and Haythorn 1978; Henry and Lepkowski 1978; Henry 1979; Henry and Chole 1979; Henry 1985; Henry et al. 1985; Henry 1989) in the auditory periphery and by J.F. Willott (Willott and Shnerson 1978; Shnerson and Willott 1980; Willott et al. 1982; Kulig and Williot 1984; Willott 1984; Willott et al. 1988 ) in the auditory CNS. A particularly significant Btrilogy^of books originating with Willott bears mention. The first (Auditory Psychobiology of the Mouse, 1983) , edited and co-authored by Willott, established mice as a resource for hearing research and assembled much essential information under one cover. The second (Aging and the Auditory System: Anatomy, Physiology, and Psychophysics, 1991), authored by Willott, focused on the value of mouse strain comparisons for extracting principles about hearing in aging. The third book (Handbook of Mouse Auditory Research: From Behavior to Molecular Biology, 2001 ) appeared after the mouse revolution was in full gear, expanding and updating many of the themes and methods from the first book.
Behavioral studies in Bdancing mice^were published in the late 1800s and early 1900s (see Yerkes 1904) . Imbalance behaviors may be due to deficits in visual, vestibular, or somatic sensory systems or at any number of levels along the neuraxis. The morphological studies by Yerkes were inconclusive as to whether inner ear abnormalities, brain defects, or both accounted for the observed behaviors in dancing mice. Later studies in selected mouse mutants (e.g., Deol and Lane 1966; Anniko et al. 1980 ) would provide supporting evidence that inner ear variation could account for observed imbalance behaviors.
Although studies continue to be published describing behavior or morphology as the hallmark of inner ear vestibular dysfunction, neither feature provides definitive evidence regarding the functional status of the semicircular canals or gravity receptor organs. To that end, tools for assessing inner ear vestibular function in mice have been validated. Eye movement recordings of the vestibulo-ocular reflex (VOR) infer canal function (van Stahl et al. 2000; Iwashita et al. 2001; van Alphen et al. 2001) , and vestibular evoked potentials (VsEPs) elicited by linear acceleration stimuli directly test gravity receptor function (Jones et al. 1999; Jones and Jones 1999; Jones et al. 2002) . More recently, vestibular evoked myogenic potentials (VEMPs) have been claimed to infer gravity receptor function in mice, although this measure has yet to be widely used (Sheykholeslami et al. 2009 ). Just as hearing assessment tools have contributed to an ever-expanding understanding of genetic hearing loss, development and application of functional vestibular assessments will be critical for elucidating genetic vestibular impairment.
Arrival of Molecular Methods
Around 1994, papers dealing with mouse hearing and balance showed a discernible up-tick, reflecting the rapid arrival of molecular techniques (Fig. 1 ). 1n 1992, Friedman and Ryan had published an influential review on transgenic mice (Friedman and Ryan 1992) , and the first characterizations began to appear (Rauch 1992). It was around this time that the first mouse orthologs of human deafness genes were identified (Birkenmeier et al. 1989; Steel and Smith 1992; Hughes et al. 1994; Tassabehji et al. 1994; Battinelli et al. 1996) and mouse deafness genes were first tied to proteins critical for hearing (Avraham et al. 1995; Gibson et al. 1995) . Prior to 1999, most mouse studies applied Bforward genetics,^whereby useful defects are identified in existing mouse stocks. These were initially characterized anatomically and physiologically, followed by mapping and identification of candidate genes. Parallel mapping endeavors in mice and humans facilitated discovery of deafness genes in a leap-frog manner.
Around 1999, Breverse genetics^notably accelerated. In reverse genetics, one makes an educated guess about a gene and selectively modifies it, then determines the effect on form and function. Two basic manipulations became available: insertion of up to 1000 extra copies of a gene at a random location in the genome (the technical meaning of Btransgenic^) and targeted deletion of a gene (knockout (KO)) (Crawley 2000; Jackson and Abbott 2000) . The initial goal was stable, constitutive (every cell in the body), assimilation of exogenous DNA, which required transfection of embryonic stem (ES) cells or fertilized oocytes. Stem cell transfection worked best in 129 related strains, while oocyte injection worked well in B6 mice. Both B6 and many 129 substrains show progressive hearing loss and are problematic for hearing research. The 129 strains also came in a confusing variety of substrains, some of which were determined to be genetically contaminated (Simpson et al. 1997) . Transfected 129 ES cells were typically microinjected into mouse blastulas from strains with a different coat color, so that chimeric coat-colored mice then represented the mice with the transgene. Germline positive animals were then determined by a further cross, often to B6 or CD-1 mice, which also feature progressive hearing loss. The result has been that, up to the present, most transgenic or KO models of interest have forced investigators to deal with potentially confounding polygenic background hearing loss. To minimize this problem, one could test young mice and hope for a robust phenotype that stood out against the background hearing loss. Alternatively, one could move the engineered allele to a Bgood hearing^background through at least 10 serial backcrosses (that is, serially mating progeny back to the desired strain), selecting carriers of the transgene as breeders in each generation. This cumbersome process of serial backcrosses to a desired strain removes the alleles of the undesired strain at an average rate of 50 % per generation. The goal is to obtain mice that are Bcongenic^to the desired strain-identical in all respects except for the addition of the transgene. This process might require 2 years but can be shortened to G5 generations through Bspeed congenic^methods, in which mice carrying the fewest alleles from the undesired background are selected as breeders. At the end of either process, however, the inserted DNA will often still include Btag-along^genes from the original ES cell strain that may affect the phenotype. Randomly inserted transgenes are also prone to hidden KO effects, wherein the insertion interrupts the function of a gene or nearby transcriptional control elements.
Because of funding pressures, it is tempting for investigators to use results from inactivation KO models to infer causal links to human disease. However, constitutive KOs rarely address whether elimination of a gene produces a particular human disease phenotype. Only a subset of human genetic disease will reflect completely inactivated alleles. More often, the inactivation will be partial, will yield less of the gene product, or yield a subtle change in protein function. Often, the disease-causing allele will not be present in homozygous form. Thus, whenever possible, heterozygous mice should be examined for potential abnormal phenotypes.
Constitutive KO models may not only fail to accurately model a disease condition but may also promote cause confounding morbidity or lethality. A key refinement was to render expression of the KO allele conditional by age or cell type by using CreLoxP recombination (Crawley 2000; Jackson and Abbott 2000) . Now, we have entered into the era of CRISPR/Cas9-based gene editing, which is based on means evolved by bacteria for excising foreign DNA from their genome (Gaj et al. 2013) . By greatly extending the types of cells and conditions under which cells can be transfected and boosting success rates, CRISPR/Cas9 is revolutionizing both the production of KO and transgenic mice and possibilities for gene therapy. Two variations on CRISPR/Cas9 permit gene deletion through non-homologous endjoining (NHEJ) or gene editing through homologydirected repair (HDR). These operations may be rendered conditional, are orders of magnitude more efficient than the prior methods, and allow direct transfection of fertilized embryos, thus eliminating the need for ES cells Yang et al. 2013) . That said, the success rate for HDR is presently only ∼3 %, so that hundreds of cells must be injected, and local in vivo application (say, perilymph) will likely transfect few target cells. By contrast, gene deletion through NHEJ is highly efficient (980 %), so that silencing of dominant hearing loss mutations by direct transfection of inner ear cells holds promise as a clinical tool (Zou et al. 2015) . CRISPR/Cas9 methods applied to mice permit the simultaneous editing or deletion of multiple loci and are not limited to particular strains. Also, while it is not always desirable, CRISPR/Cas9 can alter both alleles of the target gene. In a single generation, one could therefore produce homozygous carriers for multiple engineered alleles. To date, the number of applications of CRISPR/Cas9 to hearing research has been relatively few (Zou et al. 2015; Mianné et al. 2016) , and it is still common to find that the knockout or transgenic model one needs is still available only on a B6 or mixed B6/129/CD-1 background. Notably, large-scale efforts to generate ES cell lines carrying engineered mutations of coding genes, such as The KnockOut Mouse Project (KOMP) and European Conditional Mouse Mutagenesis (EUCOMM) program, are using the C57BL/6N strain as their standard. These roughly 10-year-old endeavors preceded the discovery of CRISPR/Cas9 and remain a valuable resource for generating constitutive and conditional KOs. It seems just a matter time, however, before CRISPR/Cas9 renders ES cell technology obsolete for targeted mutagenesis (Skarnes 2015).
RATIONALE FOR USING MICE TO ELUCIDATE HUMAN BIOLOGY
Mice offer a wide range of advantages as models of human health and disease (Schughart et al. 2013; Bowl and Dawson 2015) . Among these, they are sexually mature by 6 weeks of age, and most commercial mouse strains reproduce well, providing large numbers in a short period of time. The mouse life span is relatively short, 2 to 3 years, enabling collection of a lifetime of data over a reasonable length of time. Housing large numbers of mice can be accommodated economically and in relatively small space compared to most other model species. Behavioral, physiological, anatomical, and molecular studies can be completed on the same set of mice, thereby reducing the number of animals needed for study.
The logic underpinning all hearing and vestibular experiments in any mammal is that their inner ears and brains work much the same way as in humans. Even instances where they may not still illuminate our understanding of our own species. Curing disease was not really the goal of animal research for decades. We first had to understand how natural systems work. Why did evolution solve the same problems in different ways? What are the universal features? Myopic notions of Btranslatability^now constrict the scope of research and research models and risk choking off the flow of basic discoveries (Brenowitz and Zakon 2015) . In any event, the foundation of most mouse work in hearing and balance is the extensive overlap of human and mouse genes and proteins critical for these functions. Presently, more than 140 loci and 100 identified genes are known to cause deafness in humans (Girotto et al. 2014 ). According to Steel (2014) , as many as 1000 genes may ultimately be involved, either by promoting deafness in a direct (Mendelian) fashion or by magnifying the effects of environmental or personal risk factors. About 99 % of mouse genes have human orthologs (Bowl and Dawson 2015) . In most cases, mutations of mouse genes exhibit deafness phenotypes similar to those associated with comparable human mutations. However, there are exceptions (such as Gjb3, Crym, Dfna5, and Coch mutations). The incomplete overlap of known deafness genes suggests that inner ear function in mice versus humans can involve functionally related genes and/or different genetic modifiers. In such cases, it is worth understanding exactly why Bsubstitute^genes and modifiers in mice are able to correct for mutations that cause deafness in humans. About two thirds of ∼340 mouse genes known to cause inner ear dysfunction (Table S2) have not yet been linked to deafness in humans, but this most likely simply reflects how far mouse work has outpaced the human gene search (Steel 2014) . Mendelian genetic hearing loss often reflects loss of function of highly conserved Bbottleneck^genes, such as those that encode hair cell-specific structures like stereocilia. These are amenable to proof-of-concept testing with knockout alleles that need not reproduce specific human mutations. Even negative results in transgenic and knockout models often provide insights to the deeper biology: Are the human and mouse orthologs different functionally, or just differentially expressed? What does it tell us about a process-or prospects for therapy-if the two species fill a need using different genes?
Before concluding that the result of a knockout experiment is universally negative, the next step should always be to repeat the experiment on genetic backgrounds quite different from the one initially tested. Just as no single person can be taken to exemplify the human genome or proteome, no inbred mouse strain represents all mice nor is really asserted to model all humans in any respect. Conversely, a clear phenotype observed on a specific inbred background indicates only what is possible and might occur in humans if orthologous genes and modifiers act similarly. There is no Bneutral^strain for the way a trait manifests, and any result should be repeated on other genetic backgrounds. Funding and resource constraints often force investigators to skip this step, causing results to be missed or overgeneralized. As a guide to strain selection, the schematic evolutionary tree of mouse inbred strains in Figure 2 shows that commercial inbred strains can be assigned to seven genetically divergent groups. Strains have been highlighted to indicate those presently known to carry the Cdh23 753A (ahl) allele, which accelerates age-related hearing loss (yellow, also see Table S1 ), other strains with identified progressive hearing loss (orange), and those suggested to possess stable hearing to at least 12 weeks of age (green). To explore background effects on one's chosen mutation or treatment, one might thus select Bgood-hearing^strains from widely separated groups in Figure 2 . Of course, whether a strain is considered good hearing or not depends upon when it is assessed and using what maximum test frequency. To ascertain the background effects on a particular mutation, one might outcross the original strain to selected recipient strains, intercross the F1 hybrids, and then phenotype F2 mice from each cross that are homozygous for the mutation. Alternatively, one could invest the effort of producing a congenic line on each strain or use CRISPR/Cas9 to generate the mutation independently in each strain. It is worth noting that, with the exception of groups 3 and 7, strains with the ahl allele or progressive hearing loss of unknown origin are widely distributed. In addition to the Cdh23
753A allele, Table S4 shows several additional known genes and quantitative trait loci (QTLs, locations that carry an unknown gene that impacts phenotype) that exert similar effects. Some of these overlap, so that some strains carry multiple alleles (e.g., B6, NOD/LtJ, DBA/2J).
The very idea of a standardized inbred mouse strain flies in the face of cumulative random mutational events, and it should seem strange that any life form may be treated as immutable and come with such guarantees of standardization. It is the nature of DNA to mutate, and for isolated populations to exhibit genetic drift, that is, to accumulate random mutations that are unique to each population. Yet, we can in fact expect a commercial inbred strain that has carried the same name for decades to be invariant for most research purposes. Slowing the rate of genetic drift is accomplished by proven breeding protocols and by periodic (every five generations at JAX) reintroduction of cryopreserved embryos (Stevens et al. 2007) . It follows that, once an investigator has purchased commercial breeders and established a colony, the potential for genetic drift again arises. By the 10th generation, the probability of new mutations approaches unity (Silver 1995) . At that point, the investigator is no longer breeding the intended commercial strain, but a unique substrain. Most likely, the newly accumulated mutations will not impact the phenotype of interest. But, there is no guarantee, and the arrival of a confounding mutation is likely to be missed.
LIMITATIONS
Important differences between mice and humans should be acknowledged. Mice are quadrupeds, so the relative contributions of, or reliance on, vestibular, visual, and somatosensory inputs for balance and locomotor output may differ from that of bipedal species including humans. By contrast with humans' typical Bpredator^forward-facing eyes, mice have typical Bprey^side-facing eyes with a more restricted range of motion. This may have implications for the neural circuitry governing binocular fusion and oculomotor behavior. The mouse retina is not foveated and possesses a different complement of photoreceptors from ours (Jeon et al. 1998 ). If they were human, they would qualify as legally blind for their poor visual acuity (Baker 2013). Mice rely far less on vision than on olfaction and hearing (Brenowitz and Zakon 2015) . In fact, the mouse rd1 (Pde6b rd1 ) mutation, which often imparts complete blindness, is common among wild mice (Farber et al. 1994) . Despite the different reliance on vision in mice and humans, there is extensive overlap between many of the genes known to cause human retinitis pigmentosa and r e t i n a l d e g e n e r a t i o n in mice, including phoshodiesterase 6b (Pde6b), peripherin 2 (Prph 2), and myosin 7a (Myo7a) (Chang 2016).
Compared to larger mammals, the mouse brain features different functional weightings of subcortical auditory and vestibular nuclei and different interconnectivity of hearing and balance centers (e.g., Aitkin et al. 1984; Cryan and Holmes 2005; Schreiner and Winer 2007; Hofman 2012) . The lissencephalic cerebral cortex in mice comprises far less of total brain mass and is less than half as thick as that in primates (Gilman et al. 2016) . Moreover, the shape and function of cortical pyramidal cells are sufficiently different in mice and primates that they may form a qualitatively different type of columnar circuit (Gilman et al. 2016 ). Such differences, however, have not undermined the use of mouse models to extract putatively fundamental properties of cortical function, particularly with the advent of transgenic tools for selective activation of cells and circuits (e.g., Li et al. 2013; Moore and Wehr 2013; Hamilton et al. 2013) . The main organizational feature that distinguishes mice and other rodents from primates appears to be the degree of Bencephalization^of coding in the latter. That is, in rodents, particular stimulus characteristics may be extracted at lower levels in the CNS (e.g., Piscopo et al. 2013) .
There are also limitations to overall genetic similarity of mice and humans. The most stark differences derive not so much from changes in protein-coding genes but rather from much more rapid divergence in regulatory sequences that lie near or within a given gene (cis-regulatory sequences) (Vierstra et al. 2014).
These have led to tissue-by-tissue differences in gene expression, even though overall regulatory programs (gene sets activated by particular transcription factors) have been conserved. Probably as a result, humans and mice have developed different gene redundancies by tissue, so that we may solve a particular functional problem with a different protein isoform or an entirely different protein. Even Mendelian human genetic diseases, such as cystic fibrosis or Duchene's muscular dystrophy, yield very different phenotypes when the same genes are mutated in humans and mice (Uhl and Warner 2015) . Notably, a recent comparison of cochlear gene expression patterns in marmosets and C57BL/6J mice concluded that discrepancies in deafness phenotype for 20 major deafness genes are best accounted for by species differences in gene expression, not coding differences (Hosoya et al. 2016a) . The same was suggested to apply for discrepant human/marmoset versus mouse phenotypes related to DFNB4 and Pendred syndrome (Hosoya et al. 2016b ). Among cochlear cell types, outer sulcus cells in particular may express different complements of ion exchangers in humans and mice, suggesting that these cells serve roles that do not completely overlap (Hosoya et al. 2016b ).
Aligning Life Stages
Humans and mice fall along an orderly relation in mammals between metabolic rate and life span and are each allotted roughly one billion heartbeats per lifetime (Dobson 2003) , prompting attempts to align ages for experimental purposes. From the perspective of hearing and balance, early developmental stages are difficult to align since mice are altricial while humans are precocial. The other stages we might wish to align include adolescence, middle age, menopause/estropause, and old age. Pre-adolescence is important because of mouse data suggesting that the cochlea is more vulnerable to ototoxins during roughly the first month of life (Henry et al. 1981; Prieve and Yanz 1984) . Adolescence is important for a large body of animal data suggesting that the cochlea is more vulnerable to noise, beginning at the onset of adult-like sensitivity, peaking around the time of sexual maturity (∼6 weeks in mice), and ending some time in early adulthood (∼4 months in mice) (Henry 1982a (Henry , b, 1983b . Exactly how and whether distinct early vulnerability windows for ototoxicity and noise apply to humans is unclear (Henry and McGinn 1992; Pujol 1992; Henley and Rybak 1995) , yet the potential implications for human risk are considerable. Aligning human/mouse middle age and old age is of interest for relating hearing loss to age-associated risk factors in humans, such as cardiovascular disease, diabetes, obesity, hypertension, and hypercholesterolemia (Agrawal et al. 2009; Lin et al. 2011) . Menopause in females offers a definitive event. Women generally reach menopause at 48-55 years, while female mice undergo estropause (the mouse analog) at 11-16 months (Syed et al. 2010) . Unlike humans, wherein females tend to outlive males (Iachine et al. 2006 ), a survey of 31 inbred mouse stains showed a high degree of strain dependence (Yuan et al. 2009 ). As a recent paper makes clear (Geifman and Rubin 2013), there is no single age normalization that applies across organ systems or health issues. This may complicate studies of interactions between ageassociated co-morbidities and sensory loss. Mice are not particularly prone to complex human ageassociated diseases such as Alzheimer's or cardiovascular disease unless they are Bhumanized^with predisposing alleles or fed special diets (Vanhooren and Libert 2013) . Even then, they may only manifest specific useful characteristics, such as the formation of β-amyloid plaques, without the behavioral consequences (Kokjohn and Roher 2009). Numerous mouse genetic models of Parkinson's disease likewise produce some aspects of the human disease, yet none reproduce the definitive feature, loss of dopaminergic neurons (Blesa and Przedborski 2016). Huntington' disease, another delayed neurodegenerative condition, is more completely modeled in transgenic mice, perhaps because of its narrower genetic etiology (CAG repeats in the HTT gene) (Pouladi et al. 2013) . Unlike humans, mice can synthesize their own vitamin C, a difference with wide-ranging implications for aging processes. Like other rodents, mice have comparatively long chromosomal telomeres and high levels of telomerase activity (Vanhooren and Libert 2013) . This may protect organs and tissues that selfrenew through mitosis.
Drug Metabolism
The rapid metabolic rate of mice and other differences in drug metabolism have meant that mice must be given much larger systemic doses of any ototoxic or therapeutic drug than might be given to larger animals. With aminoglycosides and platinum-based agents, this has meant applying them only to mice less than 1 month old (Henry et al. 1981; Wu et al. 2001) , boosting dosing by four to eight times (Poirrier et al. 2010) , or combining them with a potentiator such as furosemide (Hirose and Sato 2011; Xia et al. 2014 ). For therapeutics, systemic doses in mice must be larger by a factor of up to 10× versus other animals or humans (Dowdell et al. 2009; Davis et al. 2010) . Other complicating factors include species differences in cytochrome P450 enzymes, which metabolize about 75 % of drugs, as well as differences in gastrointestinal microbiome (Uhl and Warner 2015) . Overall, rats and mice accurately predict human drug toxicity in about 43 % of cases. This is not a rodent weakness but rather an animal model limitation: When all animal models are considered, the success increases only to 71 % (Uhl and Warner 2015). Since the effect of any drug will likely be influenced by genetic background, it is recommended that any study of drug toxicity or therapeutic value be undertaken in more than one inbred mouse strain.
Cochlear Anatomy, Function, and Gene Expression
Mouse hearing extends to 100 kHz, well beyond the upper frequency limit of human hearing. This could be associated with significant anatomic and physiologi c d i f f e r e n c e s n o t y e t a p p r e c i a t e d . T h e microarchitecture of the organ of Corti and lateral wall are difficult to define and quantify and prone to fixation artifacts, so that fine anatomic differences would be difficult to evaluate. A recent quantitative analysis of spatial gradients in the conformation of the organ of Corti (Soons et al. 2015) determined the mouse to be typically mammalian. However, another recent paper determined that the cellular distributions of key components of EP generation are different in mice and humans . Mice (at least B6 mice) have more of these cells, which are thought to help regulate endolymph composition.
Cochlear single unit studies in mice are few (e.g., Taberner and Liberman 2005) but indicate prevailing similarities to other mammals. The most striking differences pertain to input/output and spike timing characteristics that are thought to be influenced by phase locking in mammals with good low-frequency hearing (G4 kHz). Cats, guinea pigs, and especially gerbils tend toward apical-basal divergence of single fiber characteristics that suggests an emphasis on spike timing in the cochlear apex and spike rate in the base (Ohlemiller and Siegel 1994; Huet et al. 2016) . Mice hear poorly at the frequencies where phase locking is prominent and may have no cochlear neurons tuned below ∼2 kHz (Taberner and Liberman 2005) . From the standpoint of single unit characteristics, the entire mouse cochlea may mirror the cochlear base of other mammals.
MICE AS MODELS OF HEARING IN AGING
At the level of cellular pathology, mouse models do a pretty good job of recreating specific aspects of human presbycusis (Kikkawa et al. 2012; Bowl and Dawson 2015) . All the specific human cochlear cell pathologies noted by Schuknecht and others (Schuknecht 1964; Schuknecht and Gacek 1993) can be found in mice, as well pathology that corresponds to all Schuknecht's suggested types of presbycusis (Ohlemiller 2006) . Like most humans, most inbred strains do not model these in isolation, and in neither case does the shape of the audiogram offer a definitive diagnostic (Landegger et al. 2016). As in humans, most mouse age-associated cochlear pathology appears to fall under the rubric of Bsensoryp resbycusis, wherein hair cell loss becomes limiting for hearing. A variety of natural and engineered mutations worsen this phenotype (Bowl and Dawson 2015) . While little is yet known about human genetic predisposition to Bneural^presbycusis, both engineered mutations and insults can magnify this type of lesion in mice (e.g., Lang et al. 2006; Kujawa and Liberman 2009) . Human Bstrial^(metabolic) presbycusis actually remains theoretical, beyond example temporal bones showing such extensive strial pathology that the EP was almost certainly reduced (Schuknecht et al. 1974) . Strial presbycusis may disproportionately appear in women (Gates et al. 1999) , particularly after menopause (Hederstierna et al. 2010) . Notably, the mouse analog precedes a demonstrated disproportionate EP reduction in female CBA/CaJ mice (Ohlemiller et al. 2010) , perhaps through mechanisms that may operate in postmenopausal women (Guimaraes et al. 2004; Price et al. 2009 ). Moreover, strial marginal cell pathology constitutes both the primary initial age-associated pathology in human stria (Schuknecht et al. 1974) and the pathology most predictive of EP decline in aging mice (Ohlemiller 2009; Ohlemiller et al. 2010; Ohlemiller et al. 2016) . The detail with which mice can be studied has revealed some age-associated pathologies (e.g., root cell loss) (Ohlemiller et al. 2010 ) whose effects on hearing remain unclear, and we do not yet know if humans show the same changes.
Mice remain a barely tapped resource for the study of human presbycusis. Table S3 lists a large number of known genes that impact either age-associated or noise-associated hearing loss in mice, some of which may play a similar role in humans. Age and noise susceptibility have been listed together because of the common notion that much apparent aging pathology is injury, and because in humans these are difficult to distinguish. Few of the models in Table S3 or S4 could be considered well-characterized, and a staggering amount of work remains to be done to see what clues they hold for human presbycusis. This also holds for the many strains yet unstudied, some of which appear in Figure 2 . As Harper has emphasized (Harper 2008), the process of creating easily bred and handled inbred mice has led to a jettisoning of traits (and their underlying alleles) that are associated with longevity, such as slow maturation, small body size, and peroxidation-resistant cell membranes. Some useful phenotypic and allelic variation might be recovered in studies of wild-derived inbred strains (Fig. 2, group 7) (Miller et al. 2002) . These strains are fully inbred and should not be confused with Bwildcaught^mice, yet they carry alleles lost from the more popular research strains.
GENERAL CONSIDERATIONS IN CHOOSING A MOUSE MODEL
Mice may not represent the best model for some types of inner ear studies. Some manipulations require a larger bulla, more than 2.5 cochlear turns (the approximate number in B6 and CBA/J mice) (Saunders and Garfinkle 1983; Muller et al. 2005) or a cochlea that affords access to all three scalae in multiple cochlear turns. At no location does the mouse cochlea offer non-traumatic access to scala vestibuli, and only in the basal turn is scala tympani accessible. If mice are chosen as the best animal model for a particular study, the first point is always to use complete standardized nomenclature (http:// www.informatics.jax.org/mgihome/nomen/) for the strain that is used. Seemingly small differences in names may represent substantial genetic divergence and may mean the difference between success and failure in replicating a study. Reviewers and journals should not accept incomplete terminology or vagueness regarding where mice were obtained. Access to major research strains is facilitated by agreements among major suppliers (JAX, Taconic, Harlan Sprague Dawley) to sell the others' mice, replete with the exact substrain designation. Hence, for example, one may purchase C57BL/6J mice around the world from major suppliers with the confidence that they are the same mice and will produce the same experimental results. The goal of one's research may require the identification of mice with a particular phenotype. Substantial online resources exist for this purpose. Among these are the Mouse Phenome Database (http://phenome.jax.org/), International Mouse P h e n o t y p i n g C o n s o r t i u m (I M P C ) (h t t p : / / www.mousephenotype.org/), and German Mouse Clinic (http://www.mouseclinic.de/) (see Peters et al. 2007) .
Not all applications of mice ask explicitly genetic questions at the outset. One may simply wish to test a drug or manipulation while keeping genetic variability to a minimum. Using an inbred mouse strain or an F1 hybrid is a sensible approach. F1 hybrids are the firstgeneration progeny from a cross of two inbred strains. Every F1 mouse carries one allele from each strain at every locus (except for X and Y chromosomes), yet all F1s are genetically identical. If the two parent strains are very different genetically, F1s gain robustness (hybrid vigor) from having more kinds of alleles. The experimental design benefits from the use of healthier mice and increased generality of results, since more gene variants are incorporated. Note that the generation produced by crossing F1s (yielding F2s) will feature random recombination and will not be standardized, so that one must again cross the parent strains and generate new F1s. As part of the experimental design, one should plan to test multiple, distantly related inbred strains or F1 hybrids formed from these. Otherwise, there is a risk of writing off a drug that just happened not to produce an effect on the single strain examined, or conversely, falsely assuming that the drug is widely effective regardless of genetic background.
Avoiding Problematic Strain Backgrounds
Strains with known hearing or vestibular loss should be avoided, except in the case where the effect of a drug is specifically to be tested against known deficits, like the progressive hearing loss exhibited by C57BL/ 6 mice. Generally, it makes little sense to use mice with known hearing defects for noise or ototoxic studies or for normative studies of development, gene expression, proteomics, or protein localization. Pure tone 16 kHz thresholds for 42 inbred strains aged up to 12 weeks are shown in Figure 3 , so that one might pick good-hearing young mouse models from the right end of this graph. Figure 4 presents VsEP thresholds for many of the same inbred strains shown in Figure 3 (organized with Bgood^gravity receptor function to the right). Comparing the two figures, one can quickly see that the strains are ordered differently along the x-axis, so that abnormal hearing and vestibular function need not coincide (also compare boxed and highlighted strains in Fig. 2 ). Strains with progressive hearing loss may gradually lose threshold sensitivity on both low and high ends of the audibility range. One might decide to simply work within the uncompromised part of the cochlea, but that may not be accurately assessed by auditory brainstem response (ABR) testing. Moreover, the progressive loss may reflect the influence of Bpro-injury^alleles that are relevant to any injury paradigm.
Caveats also apply to the use of genetically heterogeneous mice such as outbred stocks (see below). When the question to be asked pertains to a normal process (e.g., development), the effects of any manipulation (noise, ototoxins), or the efficacy of a therapeutic agent, heterogeneous mice will simply add statistical genetic variance that may obscure the result. By contrast, if the experimental goal is specifically to identify genetic factors that contribute to the variability in response to a treatment, then heterogeneous populations created just for this purpose, such as diversity outbred mice (described below), may be appropriate.
The appropriateness of a mouse strain may depend upon what is being studied. Many inner ear studies are aimed at genes and proteins that are highly conserved. These will often have a profound and relatively unmodifiable effect on peripheral function. Some examples may illustrate principles outlined here for selecting a mouse model at the outset of a study, along with unknowns we quickly encounter. If we wish to test a drug that may reduce noise or ototoxic injury, we might set criteria of (1) a normal inner ear at time of lesion and (2) enhanced susceptibility to insult. Three to four genetically divergent good-hearing strains might be selected by using Figures 2, 3 , and 4. Yet, in designing the experiment, we quickly run into unknowns. Which strains are more vulnerable to noise or ototoxins? Beyond a few heavily studied strains (e.g., Wu et al. 2001; Ohlemiller et al. 2011a) , simply too little is known, particularly with regard to ototoxicity. We might pick young but mature mice (say, 1 month of age) when both noise vulnerability and ototoxicity appear heightened (see below). But, we still must plan a series of dose-response studies and are left with the question of why younger mice are more vulnerable, lest our mechanistic results ultimately fail to generalize to older mice. Often, even arbitrary choices of strains will reveal surprising and useful interstrain differences in susceptibility. These can enhance the value of our drug study and lead to important new studies not anticipated. Surprising results may come in the realm of strain differences in the efficacy of our drug, the extent of noise or ototoxic lesions, or even in the form of injury: Within the inner ear, strain A may lose more hair cells than strain B for a given functional deficit or show more strial injury. Beyond the inner ear, strain A may show fewer central consequences of a peripheral lesion. In molecular studies, good-hearing inbred strains may differ greatly-albeit benignly-in inner ear cell-by-cell gene or protein expression. This inconvenience is also a strength, in that differences that do not produce pathology are less likely to be interesting. But, investigators may find themselves awash in genes to be considered and left to wonder if different treatments or functional metrics would have revealed a phenotype. For forward genetics studies aimed at identifying human-like pathology (and the underlying genes), Figures 2, 3 , and 4 present a wealth of poorly characterized strains with known hearing and vestibular deficits. Whatever pathology is found is likely to be polygenic, so that crosses to two to three other genetically divergent good-hearing strains, followed by backcrosses to the initial strain may dissect the phenotype into categories representing the summed and distinct effects of different genes. These could be partially mapped in the same backcross (N2) or F2 intercross mice.
Lack of Melanin Versus Lack of Melanocytes
Some comments on the use of albino versus Bamelanocytic^models may be helpful. The former possess no melanin, while the latter lack the cells that produce melanin. Production of melanin in tissues other than skin, hair, and iris was presumably maintained evolutionarily because it conferred advantages, and albinism is an abnormality that results from loss-of-function mutations in melanin synthesis. Known or suspected protective cellular functions of melanin include actions as a chelator of metals, binder of toxins, and an antioxidant (del Marmol and Beermann 1996; Riley 1997; Schraermeyer and Heimann 1999) . In the inner ear, melanin is produced by intermediate cells of the stria vascularis (Wright and Lee 1989) but may also be widely distributed (Wolff 1931) . In humans, lack of melanin, as indicated by skin or iris color, has been associated with greater hearing loss with age (Lin et al. 2012 ) and more robust noise-induced temporary threshold shift (TTS) (Barrenäs and Lindgren 1991; Da Costa et al. 2008) . Animal data, including mouse data (Bartels et al. 2001) , on the benefits of melanin are largely negative or equivocal. Positive findings in guinea pigs relating to noise, aging, and ototoxicity have been undermined by the lack of genetically matched controls (Conlee et al. 1986 (Conlee et al. , 1988 Conlee et al. 1989) . However, elimination of melanin in C57BL/6 congenic mice was found to promote strial marginal cell loss and EP reduction ). Absence of melanin in the inner ear is not comparable to its effects on the visual system, where it plays a role in normal development (Jeffery 1997) Creel 1980) . Nevertheless, since not all functions of melanin in the inner ear are well understood nor exactly which sites of melanin production are critical, it may be advisable to avoid albino mouse models for normative studies of inner ear function. Amelanocytic models involve a different process wherein melanocytes fail to migrate to their proper fields during development. Steel and colleagues characterized several mouse models of this type (Steel et al. 1987; Steel and Barkway 1989; Steel 1991; Cable et al. 1993; Steel 1995) . These mice lack strial intermediate cells, which are required for EP generation. They therefore have little or no EP and, for reasons that are not entirely clear, tend toward wholesale degeneration of both stria and organ of Corti. They are genetically related to some forms of human deafness.
LESIONING THE MOUSE INNER EAR
Often, we wish to know whether a particular gene or therapeutic impacts the vulnerability of the inner ear to ototoxins or noise. Therapeutics aimed at regeneration are preferably tested in models with near complete loss of hair cells, so that the optimal type/level of noise or dose of ototoxicant is of interest. Creation of cochlear lesions comes with requirement to decide what kind of lesion we wish to obtain. Mutations, high noise levels, impulse noise, or ototoxic protocols can potentially damage the stria, wipe out all OHCs, produce holes in the reticular lamina, or kill varying numbers of IHCs. In some proof-of-concept experiments, the goal may be to inflict as much damage as possible. Yet, it may be worth asking if we are creating a lesion that exists in nature or represents a type of injury evolution has ever encountered. Accordingly, apparent failure of a therapeutic to correct an unnatural lesion may be misleading, and some thought should be given to how to Btitrate^the lesion to its clinical counterpart. In applying mouse models, this may mean optimizing the mouse strain, age, and method of lesioning.
The type and dose of any ototoxicant or therapeutic agent required can differ for hearing versus vestibular organs. Although more strain comparison data are sorely needed, it appears difficult to achieve a cochlear hair cell wipeout in mice with noise above the basal turn (e.g., Wang et al. 2002) . The relation between outer hair cell loss and permanent threshold shift (PTS) appears to differ for mice versus chinchillas, cats, rats, guinea pigs, and possibly humans (Bredberg 1968; Liberman and Kiang 1978; Hamernik et al. 1989; Altschuler et al. 1992; Chen and Fechter 2003) . In general, hair cell loss may less reliably account for the extent of PTS in mice. Instead, permanent hair cell damage and changes in the shape of the organ of Corti may be more predictive (Ou et al. 2000a; Ou et al. 2000b; Wang et al. 2002) . For a given insult, the extent of hair cell loss will nevertheless be strain dependent. Extant parametric studies cover only a few strains and noise conditions, so that one should plan pilot studies to evaluate the extent of lesions. Beyond the first month of life, mice are relatively impervious to aminoglycosides or cisplatin (Henry et al. 1981; Prieve and Yanz 1984; Wu et al. 2001) . The reasons for this steep gradient of age dependence are not clear. Nearcomplete outer hair cell wipeouts have been achieved in adult mice through systemic application of kanamycin combined with the loop diuretic furosemide in a single dose (Oesterle et al. 2008) or subchronic dosing regimen (Hirose and Sato 2011). A potentially cleaner total hair cell wipeout may be achieved by using transgenic models in which hair cells can be selectively killed by using an agent such as diphtheria toxin (e.g., Kaur et al. 2015) .
For noise lesions, in selecting a noise exposure level or duration, it should be kept in mind that any single choice tests one point on a typically unknown noise energy-versus-noise-induced PTS (NIPTS) relation. Such dose-response data are almost entirely missing from the literature. Although the relation is likely to be sigmoidal, it will often be unknown at the outset whether any strain or age differences in noise susceptibility will manifest as a difference in the shape of the curve or simply a shift on the x-axis. Likewise, we cannot know a priori whether our particular mutation or therapy shifts the curve on the x-axis or alters its shape. If too much noise is applied, ceiling effects may hamper the interpretation of results. A given NIPTS may be achieved by using a wide variety of noise exposure levels and durations. Up to some level that depends on noise type (kurtotic versus Gaussian), noise level and duration can be traded to similar effect, as long as total energy is constant (Qiu et al. 2006 ). However, for any type of noise, there exists a level where Bmicroinjury^and metabolic fatigue will give way to overt tearing of the reticular lamina. These are different modes of injury, with different prospects for remediation. For broadband or octave band noise up to several hours in duration, the threshold noise level for lamina breach in CBA/CaJ and B6 mice at least 4 months old is 113-116 dB SPL (Ohlemiller in prep. Wang et al. 2002) . Finally, in relating the noise exposure band to changes in the audiogram, it should be considered that the mouse ear canal shows a sharp resonance of nearly 20 dB (eardrum versus tragus, based on young C57BL/6 mice) at 16-30 kHz (Saunders and Garfinkle 1983) . This may artifactually steepen the high-frequency rolloff of thresholds after noise exposure, particularly if thresholds above ∼32 kHz are not examined. The best hearing strains of mice can hear at frequencies up to 80-100 kHz. Attempts to use audio-range equipment (≤20 kHz) or any assessment that tests no higher than 30 kHz will leave the likely most fragile portion of the cochlea untested. However, it is worth noting that behavioral and some electrophysiological data (Ehret 1983; Ou et al. 2000a ) suggest a dip in the audiogram near 50-70 kHz, a point where one might otherwise assume thresholds are rolling off monotonically. This frequency range corresponds to the peak energy of some communication sounds (Haack et al. 1983; Whitney and Nyby 1983) . Thresholds in this range may conceivably be maintained by selective pressure and impacted by factors such as behavioral state or gender.
Gender Considerations
Gender should be considered in mouse experimental design, and NIH now requires that both genders be included in experimental plans. Based on human and animal studies, the effects of aging and possibly noise exposure are modulated by sex (McFadden et al. 1999; Henry 2004; Hederstierna et al. 2010; Ohlemiller et al. 2010 ). Features of cochlear anatomy such as total number of hair cells and basilar membrane length can be sexually dimorphic (AlMana et al. 2008) . The cochlea and the entire auditory system are rich with receptors for sex hormones (Caras 2013). Potential roles include adjustment of sensitivity or responsiveness to communication sounds, courtship song or mating behavior, or detection and responsiveness to pup isolation cries. Quite possibly, sensitivity of the cochlea itself is subject to hormonal regulation.
The Meaning and Significance of TTS
Recent work has also emphasized the significance of TTS as a predictive metric for long-term hearing outcomes (see below). TTS is solely a threshold shift that statistically resolves to zero. It can be measured at any time up to when it disappears (typically hours to days, depending on severity). TTS is not the acute portion of NIPTS. That has a different name, the compound threshold shift (CTS) (Mills 1973) . Regardless of when it is measured, TTS does not reflect the same physical processes as CTS, and the term TTS should never be used in the context of any exposure that yields NIPTS. Confusion around this point has muddied the discussion over the significance of TTS.
Current applications of TTS include its potential utility as a predictor of cochlear damage risk. Individuals who are more prone to TTS might also be more prone to NIPTS (Feuerstein et al. 2014; Moshammer et al. 2015) , and remediation of TTS by a therapeutic might also indicate promise against NIPTS (Le Prell et al. 2012; Le Prell and Lobarinas 2015) . In addition, the recent surge of interest in hidden hearing loss and Bsynaptopathy^has heightened interest in TTS as a risk factor for primary neural loss. This phenomenon appears robust in CBA/CaJ (Kujawa and Liberman 2006, 2009) and FVB/nJ mice (Paquette et al. 2016) but potentially less so in B6 (Shi et al. 2015) . What may distinguish mouse strains and species in the severity of synaptopathy from a single exposure is the extent of synaptic repair Song et al. 2016) . If TTS proves to be a risk factor for primary neural loss, how much TTS imparts what degree of risk, and how broad is the exposure range that separates Brisk-free^TTS, dangerous TTS, and NIPTS? Recent work in CBA/CaJ mice indicates that the entire span of these states may be G6 dB (Jensen et al. 2015) . That is, in CBA/CaJ, these critical distinctions lie on a knife's edge. Attempts to extend the science of synaptopathy to other mouse and animal models should begin with similar ranging experiments to ensure that analogous states are compared. How the narrow dynamic range of distinct cochlear injury states in mice extrapolates to human risk remains to be seen.
Pre-Existing Hearing Loss
Animals with existing cochlear injury and hearing loss are Bprotected^from further injury, partly because the same cells cannot be lost or rendered dysfunctional twice and partly because a pre-existing threshold shift reduces the Bworking dynamic range^of threshold shifts we may observe after insults. Figure 5 compares initial thresholds with NIPTS at 24 kHz for a single type of noise exposure in a large set of mouse strains (for complete data set, see Myint et al. 2016) . Strains with higher initial thresholds exhibit less NIPTS for far less interesting reasons than strains that appear in the lower left corner of the plot. Genetic backgrounds associated with progressive hearing loss (e.g., C57BL/6, BALB/c, DBA/2J) or progressive vestibular dysfunction are not suitable for most noise or ototoxic protocols after a few months of age. By 4-6 months of age, cochlear hair cell loss in some strains may envelop the basal ∼2 mm of the cochlea (Spongr et al. 1997; Willott et al. 1998; Ding et al. 2001; Hequembourg and Liberman 2001) , rendering much of the cochlea uninformative for other manipulations. More generally, groups of mice with very different physiological hearing thresholds, whether due to hair cell loss, middle ear differences, or different developmental stages, cannot be compared after a single type of noise exposure: They will effectively receive different exposures. The confounding effect of prior injury provides a cogent rationale for reporting the animals' initial thresholds in any publication. Editors and reviewers should require this information, certainly in papers that apply mice with known progressive hearing loss or strains that are not well characterized in the literature. Inclusion of baseline thresholds also enhances the readers' confidence that threshold assessment was properly performed.
Unilateral Noise Exposure and Anesthesia
Noise exposures are generally carried out in awake animals moving freely in a homogeneous sound field. Ideally, even the time of exposure should be standardized in light of evidence that cochlear noise vulnerability appears subject to a diurnal cycle (Meltser et al. 2014) . In some studies, the goal may be unilateral NIPTS, so that an anesthetized animal may be positioned to only expose one ear (e.g., Longenecker and Galazyuk 2011; Turner et al. 2012; Hickox and Liberman 2014) . If the goal is explicitly to study unilateral NIPTS, this may be reasonable. If, however, the goal is to accommodate testing paradigms that require normal hearing in one ear (such as gap detection), the effects of unilateral hearing loss may not be straightforward (Lobarinas et al. 2013 ). In addition, one may wonder whether unilateral exposure establishes a generalizable type of central auditory pathology (e.g., tinnitus) (Galazyuk and Hébert 2015) . Anesthesia may introduce a number of effects that should be addressed by the authors in the publications. First, some anesthetics may exert protective effects on sensory elements (Rubinstein and Pluznik 1976; Hildesheimer et al. 1991; Giraudet et al. 2002; Kim et al. 2005) . Second, anesthesia may alter descending modulatory influences (middle ear muscles, cochlear efferent reflexes). Third, anesthesia cools the animal, which may be protective against NIPTS (Henry 2003) , and steps should be taken to maintain proper body temperature. Finally, we know that noise lesions not only the cochlea but also stations several synapses centrally (e.g., Basta et al. 2005) . The net effect of anesthesia on the complex central sequelae of noise will be impossible to predict and would properly require an entire set of experiments on its own. In sum, it seems clear that experimental designs should, if possible, avoid noise exposure of anesthetized animals. Unfortunately, there is trend among institutional animal studies committees to force investigators to anesthetize their animals, based on well-intentioned notions of reducing the animals' stress. This view, typically imposed by those with little knowledge of noise research or the noise literature, will have the opposite effect to that intended: Many studies involving noise exposure in anesthetized animals will ultimately have to be repeated to remove confounds, increasing the total number of animals needed.
LOCAL DRUG APPLICATION TO THE MOUSE INNER EAR
An additional point on unilateral manipulations in mice pertains to the local application of drugs to one ear, whether to the middle ear or inner ear fluids.
Due to their small head size, mice may be particularly prone to the Schreiner effect whereby drugs that reach the perilymph may be communicated to cerebrospinal fluid (CSF) via the cochlear aqueduct (Schreiner 1999; Barkdull et al. 2007; Ciuman 2009) . From there, they may reach the opposite inner ear, so that it is not clear whether the opposite ear can be considered an appropriate untreated control. Once an applied drug reaches the CSF, moreover, unintended central nervous effects may also occur. The small size of the mouse bulla can also cause them to swallow or aspirate a portion of compounds that are injected trans-tympanically. These can reach the pharyngeal cavity through the Eustachian tube in the anterior bulla, posing a choking or asphyxia hazard to the animal and effectively become systemically applied. Also, given that the major routes of inner ear entry of drugs injected into the middle ear are likely through both round and oval windows (see AN Salt resources at http://oto2.wustl.edu/cochlea/), the basal-apical dispersion patterns will vary hugely with cochlear length and thus with animal model. Mice, which among research mammals feature the highest ratio of round window/oval window size to cochlear length, are excellent for basic testing of locally applied therapeutic agents but may yield non- general results for basal-apical dispersion of drugs. A related consideration is that some drugs may pass directly into the cochlea through channels in the cochlear capsule, especially in the cochlear apex (Salt and Plontke 2009). The cochlear capsule in mice is particularly thin, as is the stapes and the bone that covers the cochlear nerve just distal to the internal auditory meatus. These features also may render the inner ear distribution of drugs applied to the middle ear of mice somewhat atypical.
MOUSE RESOURCES FOR GENE DISCOVERY AND IDENTIFICATION
Over 400 strains of inbred mice are bred commercially around the world. Each of these is like a factory, churning out new mutations. Naturally occurring mutations on inbred backgrounds come with the added benefit of being congenic to the strain of origin. If we wish, we can accelerate the rate of mutation with mutagens. Of course, to take advantage of these new mutations, comprehensive screening programs must be in place. Mice have been applied with great success to identify and characterize genes that underlie human Mendelian genetic inner ear disorders. Their promise with regard to complex genetic inner ear disorders is still unfolding. New mouse lines are appearing that greatly facilitate this process with added convenience, increased mapping resolution, and increased allelic variance.
Gene Discovery Is Not Over
It bears emphasis that gene discovery-mining of natural mutations in mouse repositories-is not Bover.^The inner ear is a highly complex organ with intricate structure and extraordinary sensitivity, so it is no wonder that many genes are involved in its development and function. Human genetic deafness reflects nature's blind modification experiments with genes that turned out to be too limiting and critical to withstand changes. These natural experiments continue, both in human populations and in huge commercial populations of laboratory mice. When pathology naturally arises in humans or mice, it means that exacting conditions have been met: Just the right subtle or overt change has occurred in some critical protein. It may be a protein we did not know existed or had no clue what it did. Perhaps the critical change was in where the protein is produced or in what amount. For pathology to manifest, alleles for all interacting proteins had to be of the right type. Nature stumbled into just the right conditions, conditions we could never have guessed, would never have known to hypothesize. Each disease-causing mutation has presented an opportunity to understand the relation between molecules and diseases. Indeed, much of our entire understanding of complex systems like the inner ear arose from the study of natural mutations. Naturally arising mutations in more than 340 genes have been reported to cause inner ear malformation or dysfunction in mice (Table S2) . These only partially overlap with over 200 known genes and loci in humans. Spontaneous mutations continually appearing in mouse stocks will often affect known genes, yet some will be novel and ultimately prove to be homologs of human deafness genes. The rate of new gene identification by the forward mutation approach is decelerating, so that it makes sense to expedite this process through the analysis of chemically induced mutation, as is being performed by Harwell, Oak Ridge National Laboratory, and several other centers (see Table 1 in Peters et al. 2007 ). Many known mutations have yet to be analyzed for their potential effects on auditory or vestibular f u n c t i o n ( s e e t h e I M P C h t t p s : / / www.mousephenotype.org/). Phenotypes of most mutations are analyzed at relatively young ages. Evaluations at later time points could uncover new mutations with late onset, age-related effects. New hypomorphic (partly functional) mutations may be discovered that encode partially functioning proteins that cause subtle phenotypes or modify phenotypes of other genes. In some cases, a mutation in a single gene may not cause hearing loss by itself but will if combined with a mutation of a different gene with redundant or predisposing function. Such interactions cannot be predicted and cannot be built into reverse genetic experiments. In addition to coding sequence mutations, new mutations in regulatory elements are certain to be discovered. The conditional expression of known mutations in selected inner ear cells, or at different stages of development, may uncover new hearing-related genes that could not be detected by constitutive knockout mutations.
Mendelian Traits
Early onset genetic deafness is typically inherited in a Mendelian manner. Mendelian traits are those that show good correspondence between genotype and phenotype. They involve typically one large effect gene and are little affected by environment. A host of single genes that impair hearing and balance have been identified by leap-frog work in mice and humans (Steel 1995; Steel and Kimberling 1996; Dror and Avraham 2010; Steel 2014; Müller and Barr-Gillespie 2015) . Candidate genes identified in human pedigree mapping have been confirmed in mice by using reverse genetics, and natural gene variants that cause hearing and balance problems in mice have led to identification of genes for human disorders (e.g., Girotto et al. 2014 
Complex Traits
Prospects for new gene discovery include those that promote complex disease traits. Complex traits are those that are influenced by many genes and by geneenvironment interactions. They include cardiovascular disease, diabetes, cancer risk, dementia, and susceptibilities to vision loss, hearing loss, and vestibular loss-all conditions for which risk rises with age. The gene variants sought do not Bcause^these conditions, but rather confer some amount of risk estimated by statistical association. To find genes that influence the probability of a particular complex disease trait, one begins not by targeting a sample or pedigree with affected individuals but instead by measuring a related biometric in a large population and correlating this with particular genetic markers. Any identified loci will be candidates for influencing the trait and could modulate disease risk.
To date, few reproducible genes for complex disease traits have emerged from human genome-wide association studies (GWAS) ). The problem is the high degree of uncontrolled biological noise (both genetic and environmental variation) in human populations. A nearly universal finding in the analysis of complex traits is one of a residual mismatch between the risk that can be attributed to all significant SNPs and the percent risk that appears to be genetic. This mismatch is known as the Bmissing heritability^problem (Parker and Palmer 2011). A key question has been whether the missing genetic factors correspond to rare mutations (G5 % of the population), each conferring a relatively large amount of risk, or common mutations, each conferring just a few percent of risk. Rare mutations might be variants of critical genes that overlap with those underlying Mendelian traits, while common variants might represent other types of genes, e.g., homeostatic and protective genes. Rare alleles might be difficult to detect in a population precisely because they are rare, while common alleles are difficult to detect due to their weak effects. The hope driving new human GWAS is that if enough sufficiently large samples are examined by whole genome sequencing, both types of mutations will be revealed. Complex trait analysis intersects hearing mostly around quantitative traits related to aminoglycoside exposure, presbycusis, and PTS caused by continual noise exposure. These conditions possess a genetic component. A common perception of presbycusis, like other diseases of aging, is that it often represents accumulated injury (Ohlemiller 2012 (Ohlemiller , 2013 Ohlemiller 2015) . Thus, some predisposing genes may not encode components critical for hearing, but rather modulatory, homeostatic, or protective factors. They may, however, include hypomorphic variants of a wide variety of genes. Unfortunately, few of the reported human GWAS results for complex hearing loss have been reproduced (Fransen et al. 2003; Carlsson et al. 2005; Van Laer et al. 2006; Van Eyken et al. 2007) . A recent study (Fransen et al. 2015) questions whether any of the genes that promote presbycusis (or intermixed PTS) exert effects that are large enough to be pulled out of the biological noise. It is not questioned that such genes exist. Over 20 % of risk appears heritable (Fransen et al. 2015) . Rather, all the underlying genes may be limited to 1-2 % of that risk and may show non-linear interactions (epistasis). This human complexity makes the extension of GWAS to mice all the more critical. Mouse models facilitate control of genetic and environmental variance and should help reveal genes that merit close examination in human complex hearing and vestibular loss. Across a number of human GWAS, there has been encouraging agreement between the genes-or types of genes-that contribute to complex forms of hearing loss in humans and those implicated in mouse studies. This adds confidence that we may hope to tease out subtle genetic influences that give rise to complex humanhearing phenotypes by using mice. Factors limiting mouse GWAS have included limited allelic variation and low mapping resolution. Until recently, GWAS of inbred mouse strains were not practical because of linkage disequilibrium caused by their related ancestry.
Time and generations have Bbroken up^the human genome into segments (haplotypes) spanning generally less than 100 kb (Parker and Palmer 2011). Assuming that large enough samples can be amassed, this means that SNP-based human GWAS can theoretically achieve resolution spanning just one or a few genes. Traditional approaches to gene mapping in mice (i.e., intercross, backcross) have required analyzing thousands of mice to achieve megabase (that is, 10-100× lower) resolution. Another issue is the limited number of alleles in play in mouse studies if one begins with just two or a few inbred strains. Yet, though we might gain more alleles for test by adding more strains, we risk decreasing the frequency of each allele in the test population, thus creating detection problems. New mouse resources for mapping, described below, go a long way in resolving these historic issues.
Recombinant Inbred Strains and the Collaborative Cross
Recombinant inbred (RI) strains are not new but are being expanded in important ways. RI strains provide the ability to map genes without having to genotype mice. To generate an RI series, mice of two genetically distinct (polymorphic) inbred strains are interbred, and the resulting hybrid progeny are then used as founders to establish individual lines of mice that are inbred for at least 20 generations (Silver 1995). Mice within each RI strain are genetically identical, although the individual RI strains differ from one another in terms of their inherited patterns of strainspecific alleles. Moreover, each individual RI strain has been genotyped for thousands of genetic markers randomly inherited from the parental strains, so that it is known which parental strain contributed each segment of the genome. To map a trait, the experimenter first obtains phenotype data for as many strains of an RI series as possible and then submits the data to an online resource that aligns phenotype and marker patterns across the RI series. The mapping resolution of an RI series depends on the genetic differences between progenitor strains, the degree of variance of the trait of interest across the RI series, and the number of RI strains developed. The largest and most frequently used series is comprised of more than 100 individual BXD RI strains, which were derived from C57BL/6J and DBA/2J. The BXD notation incorporates a single letter for each parent strain (B for C57BL/6J and D for DBA/2J) with an BX^to indicate that these were crossed, and the particular strain number is appended (e.g., BXD35 to indicate the 35th strain of the RI series). Another large RI series is comprised of 36 individual AXB and BXA RI strains, which were derived from a reciprocal cross between A/J (A) and C57BL/6J (B). The reciprocal nature of the cross (as indicated by the different order of the A and B) stipulates which parental strain provided the male and female of every breeding pair used to produce a given RI strain. This is kept the same for every generation and is done because a particular gene may be epigenetically silenced in either sperm or egg in a highly stereotyped way. The reciprocal cross ensures that a particular allele is not systematically silenced (thus not tested) in every RI strain of a series. RI strains have been used to map both Mendelian and complex hearing traits in mice (Hitzemann et al. 2001; Noben-Trauth et al. 2010; Nagtegaal et al. 2012; Ohlemiller et al. 2016) . GeneNetwork (http://www.genenetwork.org/ home.html) is a useful web-based resource for the analysis of mouse RI strains.
The primary limitation posed by RI strains is that they are limited in genetic diversity: At each locus, there can be no more than two alleles, which does not model natural genetic diversity of large populations very well, and decreases the likelihood of detecting associations. The Collaborative Cross (CC) is a large series of RI strains that addresses this limitation. The series is derived from an eight-way cross of genetically distinct founder strains: A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ (Threadgill and Churchill 2012). These were selected because they capture nearly 90 % of the genetic variance of laboratory mice. Genetic associations have been mapped in CC strains with submegabase resolution, that is, within a few genes, and approaching human GWAS. Hundreds of CC strains are in development. All are characterized by dense maps for marker distribution from the founder stains. Because the CC strains are inbred, just as for RI strains, all mice within each line are identical and no genotyping is required. All the experimenter need do is measure the biometric of interest in as many strains as possible, then align markers and strain distribution pattern with an online utility (such as http:// churchill.jax.org/research/cgd.shtml) to generate a preliminary map. For each strain, it may be necessary to phenotype several mice to decrease experimental variation. This may be cumbersome over a large number of strains, especially if the measure is something involved like the response to noise exposure. If the resulting QTLs lack significance, or the map requires more resolution, the experimenter can confine additional tests to CC strains with known recombinations within the chromosomal regions of interest.
Hybrid Mouse Diversity Panel
The Hybrid Mouse Diversity Panel (HMDP) is a collection of 100 inbred and recombinant inbred strains designed for mapping of complex trait QTLs at high resolution . The panel presently includes 29 classic inbred strains and 71 strains selected from the BXD, AXB/BXA, and BXH RI series. Mapping is accomplished by comparing the strain distribution pattern for the trait of interest with dense marker sets established for each strain, similar to the strategy for RI strains. Because the test strains are all inbred, genotyping of mice is not needed. Maps constructed by using the HMDP can detect associations accounting for as little as 10 % of phenotypic variability with submegabase resolution, although the HMDP captures less genetic diversity than the Collaborative Cross. Derived maps can be refined by expanding the sample with strains having known recombinations in regions of interest. While much effort may still be expended in phenotyping, all in all, the mapping resolution that can be achieved per animal by using the HDMP is phenomenal. A recent HDMP study of frequency-specific effects on ABR thresholds yielded nine significant QTL regions, each with relatively few candidate loci (Crow et al. 2015) . To achieve this required phenotyping of ∼500 mice, yet this compares quite favorably with larger samples often needed to detect fewer, less manageable, QTL regions by using backcrosses, intercrosses, and congenic lines. Notably, all but one of the genes (Otogl, otogelin, a human deafness gene) implicated were novel. It may seem odd that such a comprehensive study would turn up so few genes identified from other human and mouse studies. This may jointly reflect (1) that mice were examined at 5 weeks of age (thus too young to identify Cdh23 753A or other gene variants with a delayed impact on hearing), (2) the large amount of genetic variance captured by the HDMP (thus high potential to detect new small-effect loci), and (3) low minor allele frequencies across the 100 strains (that is, previously reported loci may have appeared in too few of the strains to be detected). The finding of so many novel loci supports that contention that many deafness loci remain to be detected. It is worth considering that such a study could have been done in many ways (different ages, addition of various injury paradigms) that would likely have turned up whole other sets of QTLs. Another recent HDMP study identified Nox3 as a gene that promotes noiseinduced hearing loss in mice (Lavinsky et al. 2015) .
Outbred Strains and Diversity Outbreds: Uses and Pitfalls
Commercial outbred strains such as NMRI, ICR, SABRA, and CD-1 are intentionally bred to foster genetic heterogeneity, both in terms of homozygosity/ heterozygosity and multiple allelic combinations. In theory, no two mice of an outbred strain are clones. However, they are often derived from a small number of strains, so that their phenotype may be dominated by alleles common to the source strains or that were randomly fixed. Outbreds are bred according to protocols that may differ among commercial breeders, who make few claims about the degree of standardization one may expect. Relaxed standardization and heightened fecundity allow breeders to produce and sell these mice relatively cheaply. Breeders tend to be selected for large litter size, which effectively co-selects for size, since larger mice have larger litters (Land 1970) . To cut costs and avoid limitations on Bgeneralizability^of results from any single inbred strain, it has been tempting, for example, in pharmacology testing, to apply outbred mice as an approximation to the genetic variability of human populations. This approach has been highly criticized for false economy, since more animals are needed to counter the increased data variance (Festing 2010) . Problems with outbreds potentially apply to hearing research. For example, CD-1 mice show rapidly progressive hearing loss whose etiology is of some interest (Shone et al. 1991; Le Calvez et al. 1998; Wu and Marcus 2003; Riva et al. 2007; Mahendrasingam et al. 2011) . However, it is illogical to claim that these mice possess a single hearing phenotype if they are truly genetically heterogeneous. The appearance of a single phenotype must reflect chance fixation or mutations common to the source strains and will likely differ across vendors. Moreover, it is likely that modifier genes will impart differences among mice, even from the same vendor. CD-1s were derived from Lynch's Swiss mice, from which Swiss Webster and Black Swiss outbreds were also derived (Chia et al. 2005 ). While it is not clear which progressive hearing loss alleles CD-1 mice harbor, Black Swiss mice carry the ahl5 and ahl6 alleles (Drayton and Noben-Trauth 2006) . A much more appropriate use of commercial outbreds is in complex trait mapping (Chia et al. 2005) . Compared to inbred mice, commercial outbreds incorporate greater genetic diversity, although less than can be achieved by using the Collaborative Cross. The breeding strategies employed to maintain these strains have fostered high rates of recombination in at least some outbred strains that theoretically permit mapping with submegabase resolution (Yalcin and Flint 2012) . The disadvantages of commercial outbred strains are largely corrected in diversity outbred (DO) mice. These mice are derived from the same eight genetically distinct founder strains as were used to form the Collaborative Cross. DO mice, which display a broad range of phenotypes, are maintained at JAX as a randomized breeding colony with a population size of 175 pairs and can be purchased on the JAX website (Svenson et al. 2012) . DO mice can be used for genomewide association mapping of complex trait loci at submegabase resolution; however, large sample sizes (200-800 mice) are recommended, and mice must be individually genotyped for a large array of markers (Gatti et al. 2014) . Compared to other commercial outbreds, DO mice also provide a more genetically diverse population for generalizing conclusions from toxicology and other drug screens.
ADVANTAGES AND QUIRKS OF WIDELY USED INBRED STRAINS
Inbred mice that are raised in highly controlled environments offer maximum subject uniformity and minimal variance for almost any type of data. This is highly appealing from the standpoint of budgeting and study design. Inbred mice have no counterpart in nature and represent breeding endeavors that selected only against a lethal dose of homozygous deleterious alleles. Nearly all present day inbred strains contain non-lethal deleterious alleles and represent disease models of some kind. Most commercial inbred strains are derived from a mix of the major natural M. musculus subspecies (musculus, domesticus, castaneus, and bactrianus), although the major contributor is domesticus (Silver 1995). The mitochondrial genes of all major inbred strains derive wholly from domesticus, while the Y sex chromosome (which is little altered by recombination) comes principally from musculus. Although they are mostly used in gene mapping because of their genetic diversity, one can purchase inbred strains that are recently derived from wild populations of each of these subspecies (Fig. 2, group  7) .
The complete name of any inbred mouse strain tells the story-if cryptically-of its origin and derivation. Examination of the inbred lineages in Figure 2 reveals that each of the seven major groups includes strains with generally similar names, indicating some degree of relatedness. The names feature the major strain name (e.g., BC57BL^) followed by a B/^and a string of letters that refer to the individual or commercial breeders that received the strain and then further bred the mice in isolation. Each new breeder serially created a new substrain that diverged genetically from the strain they received. These substrains are not interchangeable. They cannot be combined in the same study or serve as controls for mice of other substrains. Any two studies that use different substrains, even if applying the identical experimental protocol, are different studies, and the same results cannot be assumed.
Below, we consider in detail four inbred strains that are disproportionately represented in mouse hearing publications. In addition to these, many other inbred mouse strains have been used in auditory and vestibular research, including A/J, C3H, CAST, FVB, NOD, and 129 related strains. Origins and general characteristics of inbred mouse strains can be found in Festing's index of major mouse strains (http:// www.informatics.jax.org/external/festing/mouse/ STRAINS.shtml) as well as in mouse strain datasheets available online from distributors such as The Jackson L a b o r a t o r y ( h t t p s : / / w w w . j a x . o r g / m o u s esearch?p=205:1:4621098353963360727) and Charles River (http://www.criver.com/find-a-model).
C57BL/6
This strain owes its name to the breeding of female #57 to male #52 of Lathrop's stock by Little in 1921 (Silver 1995 . Substrain number B6^was just one of several isolated by further breeding. The mice arrived at JAX for development and distribution in 1948. Some of the earliest characterizations of hearing in inbred mice focused on the progressive, age-related hearing loss of C57BL/6 mice (Mikaelian et al. 1974; Mikaelian 1979) . These mice begin life with normal hearing but soon show high-frequency hearing loss that gradually extends to lower frequencies. They also show a less commonly recognized low-frequency hearing loss that may be causally distinct (Ohlemiller 2006) . While more than one locus has turned out to drive the high-frequency hearing loss (Johnson et al. 1997; Nemoto et al. 2004 ), a significant influence is the hypomorphic Cdh23 753A allele for which these mice are homozygous (NobenTrauth et al. 2003) and which has turned out to be present in many other inbred strains (Table S1 ). The encoded protein forms part of the hair cell stereociliary tip-link apparatus (Siemens et al. 2004 ). The mutation contributes not only to a generally accelerated loss of OHCs but intriguingly also to NIPTS susceptibility (Davis et al. 2001 , Geng et al. 2013) . Finally, CDH23 is a known deafness gene, underlying both DFNB12 and USH1D (e.g., Pennings et al. 2004 ). B6 mice have repeatedly been proffered as an Baccelerated aging^model to test therapeutics against age-related hearing loss. They have also been used to speed up aging studies to fit into NIH funding cycles. This approach will continue to have supporters and detractors among reviewers, so that one should be prepared to make a strong case for using these mice. Despite accelerated hearing loss in B6 mice, there is little to no loss of canal or gravity receptor function in this strain (Shiga et al. 2005; Mock et al. 2016) . Although a few hypotheses have been proposed (Schwander et al. 2009; Manji et al. 2011; Mock et al. 2016) , the mechanism for preserved vestibular function in B6 mice remains to be determined.
While age and noise-induced hearing loss studies suggest that B6 mice have relatively fragile OHCs, they appear relatively resistant to aminoglycosides (Wu et al. 2001) . Their cochlear lateral wall and endocochlear potential also resist injury from noise exposures that impose much greater injury in CBA-related and BALB/c mice (Ohlemiller and Gagnon 2007; Ohlemiller et al. 2011c ). B6 mice also appear to be outliers in some studies of pre-conditioning, wherein a non-injurious stressor is protective against a later injurious stressor. Pre-conditioning protection has been demonstrated in the mouse inner ear for a number of mild stressors, including moderate noise (Yoshida and Liberman 2000), mild hypoxia (Gagnon et al. 2007) , hyperthermia (Yoshida et al. 1999) , and low-dose kanamycin (Fernandez et al. 2010) . While not all these pre-conditioning paradigms have been tested in B6 mice, head-to-head comparisons with CBA/J indicated a lack of protection only in B6 mice for hypoxia and kanamycin (Gagnon et al. 2007; Ohlemiller et al. 2011b) . B6 mice carrying null alleles for catalase also showed paradoxical protection of hearing with age, and after noise (Rellinger et al. 2012) . Purely protective paradigms like antioxidant treatment have been reported to work in B6 mice by some investigators, but not others (Davis et al. 2010; Heman-Ackah et al. 2010) . What may differentiate these results is whether the experimental manipulation is stressful or protective. A recent essay (Kraev 2014) summarizes concerns over atypical stress responses in C57BL/6J mice potentially resulting from a null genotype for the Nnt gene, which encodes the enzyme nicotinamide nucleotide transhydrogenase. This mitochondrial enzyme increases the production of reactive oxygen species (ROS) under stressful conditions, so that its elimination appears protective (Nickel et al. 2015) . It was suggested that experiments related to stress responses be repeated in closely related C57BL/6N mice or other substrains that carry functioning Nnt alleles. These mice appear to have an aging profile similar to C57BL/6J (Mianné et al. 2016) , but other stress manipulations have not been tested. In summary, it is worth considering that C57BL/ 6J mice may not yield generalizable results in some types of experiments.
Amid the current heightened interest in synaptopathy and resulting primary neuronal loss (Kujawa and Liberman 2006, 2009) , one feature reported only in C57BL/6J mice merits mention: They may recapitulate a feature of the human spiral ganglion whereby the somata of radial afferent neurons form unmyelinated Baggregates^that may be connected electrically (Cohen et al. 1990; Hequembourg and Liberman 2001; Jyothi et al. 2010) . In humans, where most spiral ganglion cell bodies are unmyelinated (Tylstedt et al. 1997; Tylstedt and Rask-Andersen 2001; Glueckert et al. 2005) , this feature may promote survival and sound responsiveness in neurons that have become disconnected from their hair cell targets. In B6 mice, aggregates are observed principally in the apical half of the cochlea and appear to multiply with age. In older B6 mice where most neurons have been lost as a secondary effect of the Cdh23 753A mutation, the surviving neurons tend to be those within aggregates, so that formation of aggregates may likewise represent a means of preserving neurons in these mice. While it is not clear exactly why this feature appears in B6 mice, it is magnified in B6 congenics carrying a particular variant of the Ly5 (Ptprc or CD45) gene (Jyothi et al. 2010) .
B6 mice are fairly docile, breed well, respond well to anesthetics, and are resistant to middle ear infections. They are, however, prone to atherosclerotic lesions (Bult et al. 2016) . Their general characteristics make them easy to work with, although often preferably in the absence of the Cdh23 753A mutation. Two congenic lines are commercially available. One carries the wild-type Cdh23 allele from CAST/Ei mice (Johnson et al. 1997) and the other from CBA/CaJ mice (Kane et al. 2012 ). Both of these lines retain normal mid-frequency and high-frequency hearing beyond 1 year, although they still show rapidly progressive low-frequency hearing loss. In our hands, the CAST-derived congenics breed poorly. B6 mice with a genetically engineered knock-in of the Cdh23 753G protective allele have been produced through CRISPR/Cas gene editing (Mianné et al. 2016) and also by the traditional ES cell approach (KRJ personal communication). Single nucleotide knock-in mice eliminate the possibility of deleterious effects from co-integrated linked genes in the congenic strains.
BALB
All BALB mice originate from an albino line acquired and developed by H.J. Bagg (hence the name) in 1913 (Silver 1995; Bult et al. 2016) . The Bc^substrain (the c added by G.D. Snell in 1932) arrived at JAX for distribution in 1947, while the BcBy^substrain was developed in 1975, having been bred in isolation by DW Bailey (hence BBy^). BALB/cJ and BALB/cByJ were early popular hearing models for the effects of albinism and for their B6-like progressive hearing loss (Willott et al. 1998) . BALB/cJ and BALB/cByJ appear to possess a similar hearing phenotype, although this has not been examined in detail. It is now known that BALB/cJ and BALB/cByJ carry the Cdh23 753A allele (Johnson et al. 2000; Table S1 ) as well as other unknown alleles (Erway et al. 1993 ) that contribute to a more rapidly progressive hearing loss than in B6 mice (Ohlemiller 2002) . The divergence may reflect EP reduction that B6 mice do not exhibit . The EP reduction correlates with marginal cell loss, and a QTL for marginal cell density on chromosome 12 (Maced) was recently reported based on work in BALB (Ohlemiller et al. 2016) . BALBs appear exquisitely vulnerable to noise, both during the early vulnerable period and later (Ohlemiller et al. 2000; Ohlemiller et al. 2011a) , and show acute or permanent EP reduction by intense noise (Ohlemiller et al. 2011c ). Gravity receptor function in BALB mice shows slightly elevated VsEP thresholds with significantly reduced amplitudes suggesting a loss of gravity receptor sensitivity (Jones et al. 2006) . Male BALB/cJ mice are very aggressive and should not be housed together.
CBA CBA-related strains date to a 1920 cross by L.C. Strong of a Bagg albino female to a DBA male (Silver 1995). The BJ^substrain arrived at JAX for development and distribution in 1948, while the BCa^substrain (for T.C. Carter) arrived in 1966. CBA/J and CBA/CaJ provided good-hearing controls in the early B6 studies (e.g., Henry and Chole 1980; Henry 1982a; Li 1992) . Perhaps due to the early overlap in their uses, some papers have simply stated BCBA^as the type of mice used, which would be fine if these strains were identical, which they are not. Having diverged ∼80 years ago, they are separated by 92000 polymorphisms (Bult et al. 2016) . Notable among these are the Pdeb rd1 retinal degeneration mutation, which renders CBA/J mice completely blind, plus other unknown mutations that impart to them different hearing thresholds after 1 year and different sensitivities to noise only during the early vulnerable period to noise (Ohlemiller et al. 2011a ). The age-related divergence can largely be accounted for by effects of aging on the EP and cochlear stria vascularis in CBA/CaJ, so that these mice appear to model Schuknecht's strial presbycusis (Ohlemiller et al. 2010) . CBA/J mice are relatively poor breeders and are prone to middle ear and respiratory infections (McGinn et al. 1992) . With regard to manipulations such as aging, noise, and ototoxins, CBA/CaJ mice are the single best characterized good-hearing strain for hearing research. This simplifies decision making about what age or gender to test and how much noise or ototoxin to apply.
CBA/CaJ mice show normal gravity receptor function at younger ages but undergo more age-related decline than B6. Tests of canal function across age have not been reported. If the research goal is genetics of the gravity sensing organs, B6 might be the better choice than CBA/CaJ since the Cdh23 753A mutation does not impact vestibular function, vestibular sensitivity is better in B6 than in CBA, and gravity receptor sensitivity in B6 mice is well maintained into advanced age (Mock et al. 2016) . If one is interested in studying both hearing and vestibular sensory systems, CBA/CaJ would be a reasonable choice for background strain.
DBA
DBA represents the oldest inbred mouse strain, having been founded by Little in 1909 (Silver 1995 . They were named for a combination of three coat color genes (dilute, brown, non-agouti) that were the subject of the initial experiments. What would become DBA/1J and DBA/2J arrived at JAX for development and distribution in 1948, having passed through different breeders. Both substrains are particularly prone to audiogenic seizures around 1 month of age. The DBA/2J strain exhibits a very early onset hearing loss caused primarily by a combination of the Cdh23 753A variant and a missense mutation of the fascin-2 gene (ahl8, later renamed Fscn2 R109H ) (Shin et al. 2010) , both of which affect hair cell stereociliary bundle function and stability. Recent mapping efforts have further identified a QTL on chr. 5 (M5ahl8) that modifies the effects of the Fscn2 R109H mutation (Johnson et al. 2015) . Mice of the DBA/1J strain and other DBA/2 substrains such as DBA/2NCrl and DBA/2De do not carry the Fscn2 R109H variant and exhibit a slower progression of hearing loss than DBA/2J mice. Gravity receptor function is also severely impaired in DBA/2J mice at a young age (Jones et al. 2005; Jones et al. 2006 ).
OVERVIEW OF MOUSE MUTANT INNER EAR MODELS
A detailed treatment of known genetic mouse models of hearing and balance dysfunction is beyond the scope of this review. Table S2 provides an exhaustive list. Some of these models recapitulate human deafness both genetically and phenotypically. Others offer useful phenotypes where the causative genes remain unknown. Human genetic hearing loss can originate with pathology (or faulty development) of hair cells, stria vascularis, spiral ligament fibrocytes, or extracellular matrix. Mutant mice have been found that model all these. Genes that govern hair cell function and development are notably over-represented in Table S2 . Hair cells constitute a probable evolutionary bottleneck of specialized structures encoded by unique genes. In mammals, they are not replaced and are non-redundant. At least in terms of sound detection, mammals appear to possess excess neurons and excess ion pumping capacity (strial/lateral wall/Reissners' membrane). Although the organ of Corti hosts over a dozen cell types, only hair cells are routinely quantified. Some roles of Deiters and pillar cells are clear, although there are presently no known primary genetic pathologies of these cells. Of the other cell types, we have little sense of their unique purpose or redundancy of function. This is precisely why detailed examination of more inbred strains, and induced and spontaneous mutations in these strains, is still needed. Such studies will remain blind and nonconducive to specific hypotheses at the outset. And while molecular tools such as single-cell expression profiling and transgenic fluorescent labeling can be quite usefully applied, there can be no replacement for ABR/DPOAE testing and traditional histopathology. Sick cells will have altered gene and protein expression. High-quality histopathology remains the essential way to detect sick cells.
Age-associated hearing loss in mice, a complex trait that may be influenced by noise and ototoxins, involves a panoply of genes that tend to be related to oxidative stress, mitochondrial dysfunction, ion homeostasis, DNA repair, structural integrity, and protective processes (Table S3 ). Several human genes show specific overlap with known mouse genes or affect similar processes. Several mouse loci imparting age-associated hearing loss remain to be identified (Table S4) .
GENETICS OF VESTIBULAR IMPAIRMENT LAG GENETICS OF HEARING IMPAIRMENT
Considering the large number of genes and mouse models identified for human hearing loss (Table S2) , it is striking that no genetic causes for non-syndromic peripheral vestibulopathies have been identified in humans (Eppsteiner and Smith 2011; Gazquez and Lopez-Escamez 2011; Jen 2011) . A few central disturbances in balance or motor control such as episodic ataxia or spinocerebellar ataxia have been linked to neuronal genes KCNA1 and CACNA1 (Jen 2008; Gazquez and Lopez-Escamez 2011; Baloh 2012) . Studies on peripheral vestibular disorders such as Menière's disease or bilateral vestibular hypofunction have reported no definitive genetic linkage (Birgerson et al. 1987; Frykholm et al. 2006; Klockars and Kentala 2007) ). Recently, one study of familial benign paroxysmal positional vertigo (BPPV) identified linkage on chromosome 15 (Gizzi et al. 2015) , and a recently reported QTL on syntenic chromosome 9 in A/J mice was associated with a VsEP functional deficit coinciding with an otoconial abnormality (Vijayakumar et al. 2015) . Whether these independent findings in humans and mice will coalesce around the same gene remains to be determined.
There are several reasons for the paucity of data on hereditary vestibular impairment. First, the inner ear vestibular system contains five organs: three ampullae and two gravity sensing organs. There is no single test that evaluates function of all five organs. Therefore, investigators must use a battery of assessments to fully evaluate the vestibular periphery or select those that are best suited to evaluate the organ(s) of interest. Limiting an assessment to a single end organ or subset of organs may miss deficits impacting untested organs. Second, the vast majority of tests for vestibular function evaluate the final motor output of control systems that maintain eye position or postural balance during movement. Such measures encompass the input, integration, and output components of nervous system function, making it more difficult to ascertain the functional status of the vestibular periphery (Löscher 2010; Jones and Jones 2014) and then correlate that function with other data such as genetic data. Third, relatively few investigators are systematically looking for vestibular dysfunction in human or animal genetic studies. Canal or gravity receptor functional assessment is often not part of routine phenotyping in suspected cases of hereditary abnormalities or broad-scale studies of genetic mouse mutants. Fourth, if peripheral vestibular impairment is present at birth or deficits appear gradually, the central nervous system likely compensates for the altered vestibular sensory input rendering any deficit undetectable via gross behavioral observations, VOR, VEMP, or other motor responses. In cases where motor delays, imbalance, or abnormal postural behaviors are apparent, canal or gravity receptor function is often not tested as a possible etiology so the functional status of the vestibular periphery remains unknown.
RELATIONSHIP OF GENE EXPRESSION WITH AUDITORY AND VESTIBULAR FUNCTION
Many gene transcripts and proteins have been shown to be expressed throughout the inner ear or prevalent in both auditory and vestibular sensory epithelia. One often assumes that any gene with demonstrated expression in the inner ear must play a crucial role in function and that more abundant expression suggests greater functional significance. Furthermore, it is often assumed that genes expressed in both auditory and vestibular sensory epithelia serve equally critical roles in both sensory modalities. In reality, the functional role for genes is more complex than can be predicted by expression levels or patterns. One example is cochlin (encoded by the gene COCH), which is the most abundant protein in the inner ear (Robertson et al. 2006) . Based on that observation alone, one might hypothesize that mutations in COCH would result in a profound functional deficit. While COCH mutations do cause progressive sensorineural hearing loss (i.e., DFNA9) and progressive vestibular dysfunction, the severity of dysfunction at onset is relatively mild compared to the profound deficits that result from mutations in genes with less abundant or more restricted expression.
SUMMARY
The genes, or gene types, that promote Mendelian and complex inner ear phenotypes show remarkable overlap between humans and mice, and both forward and reverse genetic studies of mouse genes and inner ear pathology remain invaluable. We believe that gene discovery in mice is not over, and the discovery potential for large-scale screening of commercial inbreds and mice with induced mutations is undiminished. Surprisingly few inbred and congenic lines with hearing and/or vestibular deficits are well characterized. This is particularly true with regard to the effects of noise and aging, so that our impressions of how mice are affected by these are presently based on a too-small sample tested under too few conditions. The value of reverse genetic experiments, including characterization of knockout, knock-in and transgenic mice, is enhanced if these are conducted on multiple inbred strain backgrounds. There is no neutral background and no universal phenotype caused by any allele. Outbred stocks should be avoided in studies of normal processes such as development, and in therapeutic trials, as genetic heterogeneity across animals and suppliers will obscure results and hamper reproducibility. Authors should be exacting and complete in their terminology for mouse strain and substrain. They should also provide complete information regarding mouse age and gender, as either can affect results. 
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